We present a combined experimental and theoretical study of the fragmentation of doubly positively charged b-alanine molecules in the gas phase. The dissociation of the produced dicationic molecules, induced by low-energy ion collisions, is analysed by coincidence mass spectrometric techniques; the coupling with ab initio molecular dynamics simulations allows rationalisation of the experimental observations. The present strategy gives deeper insights into the chemical mechanisms of multiply charged amino acids in the gas phase. In the case of the b-alanine dication, in addition to the expected Coulomb explosion and hydrogen migration processes, we have found evidence of hydroxyl-group migration, which leads to unusual fragmentation products, such as hydroxymethyl cation, and is necessary to explain some of the observed dominant channels.
Introduction
Dicationic species, extensively studied due to their unusual stability and reactivity, 1, 2 are involved in the creation of new biomolecules in planets atmospheres 3 and in the interstellar media. 4 Numerous amino acids were detected in Carbonaceous
Ivuna chondrites, a type of meteorite, with the simplest b-amino acid, b-alanine (NH 2 CH 2 CH 2 COOH) as the most abundant one. 5 This finding can be considered as the manifestation of spontaneous gas phase synthesis of amino acids in the interstellar space. Moreover, previous theoretical and experimental works showed the important role played by organic radical cations in various chemical reactions, [6] [7] [8] [9] where the first step is the ionisation of the molecule. For instance an important electrophilic modification of amino acids which takes place after ionisation or nitrosation of alanine [10] [11] [12] produces lactic acid. 13 Therefore, there is a need to understand the chemical behavior of charged amino acids.
In particular, the fragmentation of positively charged b-alanine has been the object of extensive investigations. [14] [15] [16] [17] In single ionisation of b-alanine, and other small amino acids, it was found that the loss of the carboxylic group is one of the dominant processes. [14] [15] [16] In the a-alanine case, photoionisation experiments showed that the principal cationic fragment produced corresponds to NH 2 CH 3 CH + , formed by the loss of the COOH radical in a simple C carboxylic -C a bond cleavage. 18 C a -C b and C b -C g bond breaking are the dominant channels for b-amino acids 19 and g-amino acids, 20 respectively. For more complex amino acids side chain bond breaking appears in competition. 15, 16 For double ionisation, simple Coulomb explosion is expected to dominate along the same bond cleavage mentioned above. 20, 21 In this work, we join theoretical and experimental efforts. Ab initio molecular dynamics and exploration of the potential energy surface (PES) together with multiple-coincidence mass spectrometry techniques allow us to identify all possible exit channels and fragmentation mechanisms following the ionisation processes for excited doubly charged b-alanine in the gas phase. We have found unusual fragmentation mechanism implying hydroxyl group (OH) migration. They appear in competition with other processes such as hydrogen transfer 21 or Coulomb explosion. These findings are of high relevance for a better understanding of radiation damage processes, since hydroxyl radicals have been identified as one of the main factors responsible for such damage. [22] [23] [24] [25] Indeed, it has been shown that in biological tissues the damages produced in the biomolecules are not only caused directly by the particle-matter collision but also by radicals and secondary particles created after the fragmentation of different chemical species along the ionisation path.
Radiation damage of biological tissues at the molecular level has been widely studied by employing experimental techniques involving interaction of biomolecules with ionising particles (X-rays, electrons, ions) in the gas phase [28] [29] [30] [31] in combination with theoretical simulations. 20, 21, 30, 32, 33 Moreover, the migration of the hydroxyl group has been shown to be a crucial step in the mechanistic processes of enzymes, such as the propanediol dehydratase, 34, 35 and has been widely evaluated by theoretical simulations. [36] [37] [38] The proposed processes in these former studies differ from the mechanisms presented in this work, mainly because in doubly-charged b-alanine, the charge drives the first steps in the fragmentation and thus, the OH migration can be considered as a consequence of the bond breaking due to Coulomb explosion. The importance of OH migration is highlighted here because it leads to ionic products detected with high intensity in the experiments (NH 2 CH 2 + in coincidence with CH 2 OH + ), i.e. they come from a dominant channel.
Methods

Computational details
Quantum chemistry calculations were carried out using the density functional theory (DFT). In particular, geometry optimisations were performed using the B3LYP functional, which combines the Becke's three parameter non-local hybrid exchange potential 39 with the non-local correlation functional of Lee, Yang and Parr. 40 This functional has been used in combination with the 6-311++G(d,p) basis set. This method has shown to provide an accurate description of the PES of cationic amino acids. 7, 15, 20, 21, 41 Harmonic vibrational frequencies have been also evaluated at the same level to characterise minima and transition states in the PES and to compute the zero point energy (ZPE) correction. For the obtained transition states, intrinsic reaction coordinate (IRC) calculations have been carried out to verify the minima they connect.
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Ab initio molecular dynamics (AIMD) were performed using the atom-centered Density Matrix Propagation method (ADMP), [43] [44] [45] [46] employing the B3LYP functional together with the 6-31++G(d,p) basis set. The simulations were carried out using a time step of Dt = 0.1 fs, a fictitious mass of m = 0.1 amu and a maximum simulation time of t max = 300 fs. To mimic the experimental conditions we have performed the AIMD simulations in the gas phase by introducing a certain amount of excitation energy, E exc E 0.03-4.08 eV, and extracting the two electrons from the highest occupied molecular orbital (HOMO) in a FranckCondon type transition. This energy range covers the estimated excitation energy in collisions of highly-charged ions with amino acids in the gas phase. 20, 21, 47 In the collisions of other type of biomolecules, such as adenine with singly charged ions, a higher excitation energy has been measured (B8 eV) due to the different conditions. 48 The internal energy was randomly distributed over all the vibrational degrees of freedom in each trajectory. In this way, we reproduce the sudden ionisation and excitation process produced in gas phase collisions of ions with neutral b-alanine molecules. The AIMD simulations were carried out considering the 12 most stable conformers of neutral b-alanine in the gas phase. 49 For each isomer and each value of the excitation energy we run 20 trajectories. Statistics were then performed over these trajectories. All the calculations were performed using the Gaussian09 program. 50 
Experimental details
Products of the interaction between O 6+ ions and isolated b-alanine molecules in the gas phase were studied by means of coincidence time-of-flight (TOF) mass spectrometry. The experiments were performed at the low-energy ion beam facility ARIBE of GANIL in Caen, France. The experimental setup has been described in detail elsewhere, 51 only a brief description is given here. The O 6+ ions beam was extracted from the electron cyclotron resonance ion source, mass selected, pulsed, collimated and transported in the interaction zone where the beam crossed a molecular effusive jet of neutral b-alanine molecules produced by the evaporation of a powder from a heated oven device at 400 K. Cationic products of the interaction were extracted into WileyMcLaren linear time-of-flight mass spectrometer. 52 At the end of the free-flight region of the spectrometer (TOF tube of 1 m length) these products were accelerated and impacted a gold-coated plate producing secondary electrons which are detected by a microchannel plate detector after deflection by a weak magnetic field produced by Helmholtz coils. This Daly-type detector allowed efficient and uniform detection of the interaction products. The arrival times were measured in an event-by-event mode over a wide mass-over charge (m/z) ratio range. Each event was characterised by the number of detected fragments and their associated time-of-flight. This allowed to construct the correlation between the charged fragments proceeding from a single ionmolecule interaction (for details see ref. 20 ).
Results and discussion
The total mass spectrum of positively charged products from collisions of O 6+ at 48 keV ions with neutral b-alanine molecules in the gas phase is shown in Fig. 1 . A strong peak associated with the intact molecule (m/z = 89 amu) is observed and represents 3% of the total intensity. However, the mass spectrum is dominated by fragmentation products. The dominant exit channels for heavier fragments (m/z Z 24 amu) come from C carboxylic -C a and C a -C b bond cleavages and subsequent fragmentations. The peak at m/z = 30 amu dominates the spectrum and corresponds to the iminium cation (NH 2 CH 2 + ). Fragment ion assignments to the most intense peaks have already been made in previous works. 14, 18 Interestingly, in the inclusive mass spectrum we can also observe the presence of molecular dications like in the case of the simplest amino acid glycine. 21 The different chemical mechanisms leading to cationic fragments are inferred with the quantum chemistry simulations. We first present the theoretical results obtained in the ab initio molecular dynamics simulations. In the 4080 trajectories performed for the doubly charged b-alanine, we have characterised seventeen different mechanisms that can be classified into three groups: (i) Coulomb explosion, (ii) isomerisation and (iii) combined processes. Ten snapshots of these processes are shown in Fig. 2, 3 and 4, respectively. Trajectories 1, 2, 3, 4, 5, 9 and 10 are observed with larger probability and represent the main fragmentation mechanisms. Detailed information of all mechanisms is given in the ESI. † The Coulomb explosion dominates (see Fig. 5a ). Four different Coulomb explosion processes can be distinguished (see Fig. 2 ): C carboxylic -C a bond cleavage leading to (1) . Among them, channels (1) and (4) strongly dominate with E40% and 30%, respectively (see Fig. 5b ). In the processes (1) and (2) we observe H migration to the terminal C and N atoms, stabilising the produced iminium and ammonium cation, respectively. On the other hand, the mechanism (3) is an example of geometry reorganisation, leading to a stable cyclic isomer of the NH 2 CH 2 CH 2 + cation. The carboxyl ion (COOH + ) produced in (1), (2) and (3) Fig. 3 ). This structure has not been previously reported, but a similar 5-membered ring intermediate (ozalone) was proposed by Harrison, 54 after fragmentation of a peptide followed by further elimination of water. 5-Membered ring structures were previously observed after hydrogen migration and water emission in the homologous series of carboxylic acids HOOC(CH 2 ) n COOH. 53 In competition with cyclisation the formation of linear NH 3 CH 2 CHCOOH 2+ is also observed, which requires H transfer and appears sporadically in the simulations. H transfer in amino acids is commonly observed in solution 12, 55 and has been recently reported in the gas phase after the interaction with highly charged ions. 21 Combined processes are defined as those trajectories that show Coulomb explosion and molecular rearrangement simultaneously. They are also associated with the emission of neutral moieties. The most important and dominant complex molecular rearrangement of those observed (see Fig. 4 ) is the migration of the hydroxyl group, leading to the emission of neutral carbon monoxide: NH 2 CH 2 + + CH 2 OH + + CO (mechanism (9)). This mechanism appears in competition with Coulomb explosion showing E15% of probability. Another observed channel is NH 2 CCH 2 + + H 2 + COOH + (10) . Mechanisms leading to emission of neutral CO 2 , NH 3 and CH 2 also appear (see ESI †) but they are very rare processes (with less than 2% of probability).
It is important to notice that the fragmentation pattern strongly depends on the geometry of the conformers (see details in the ESI †). This can be explained by the fact that the structure of the dication formed at the initial stage of the fragmentation (in the ionisation) determines the reaction path and, thus, View Article Online the fragmentation products. 56 However, since the temperature in the oven is 400 K, only the most stable neutral conformers will be populated before the collision and thus, not all the conformers included in the calculations will contribute to the fragmentation pattern because they are too high in energy to be present in the beam. Statistical details about all mechanisms are presented in the ESI. † Molecular dynamics simulations were performed up to 300 fs. To evaluate the energetics and the mechanisms of the subsequent processes we have thoroughly explored the potential energy surface (PES). The exploration of the PES has been performed starting from the most probable and relevant processes as observed in the statistics of the molecular dynamics simulations: i.e. mechanisms (1), (2), (3), (4), (5), (9) and (10) . Firstly, we calculated all of the possible pathways corresponding to the mechanisms obtained in the molecular dynamics simulations. Later, we associated the lowest energy channels with the peaks observed in the experimental measurements. Using this approach we obtained a complete picture of the fragmentation dynamics and further energetic information of each channel which becomes comparable with the experimental measurements, done at the ms timescale. We present these results separately considering the following order: (a) C carboxyl -C a bond cleavage, (b) C a -C b bond cleavage, (c) H migration and (d) unexpected OH migration.
(a) C carboxyl -C a bond breaking we can easily explain the peaks observed in the zoom on the coincidence map (Fig. 6a) . corresponds to the emission of H and H 2 from this fragment. The strong intensity of these islands in the correlation map (Fig. 6a) confirm the proposed mechanisms. The peak at m/z = 43 amu is assigned to NH 2 CCH 3 + and NH 2 CHCH 2 + (see Fig. 7 ); they are cationic forms of acetaldimine and vinylamine, respectively. After emission of one hydrogen atom, dehydrogenated acetaldimine (NHCCH 3 + ) and vinylamine (NH 2 CCH 2 + ) cations (m/z = 42 amu) become more stable than their original forms. The intramolecular hydrogen transfer between them is an exact analogue to the previously studied imine/enamine tautomerisation processes. 57 The analysis of the slopes in the detected islands provide information of the fragmentation mechanisms 58 (À2H) and À1.07 (À3H) with the computed mechanisms. They are also in agreement with the experimental ones taking into account the experimental uncertainties. The conclusion is that computed pathways are consistent with the experimental measurements (see Table S1 in the ESI †).
Complementary information on the fragmentation of NH 2 CHCH 3 + is given in the right part of Fig. 8 Fig. 6b ). Other fragments observed in the correlation with COOH + are m/z = 27 and m/z = 18 amu (see Table S1 in the ESI †). The first one is associated with the fragmentation channel shown in the left part of Fig. 8 Table S1 in ESI †). Accordingly, both channels require similar fragmentation energies (Fig. 8 In the same figure we can also observe the pathway leading to the quite stable protonated ethylenimine (EI) cyclic cation (NH 2 CH 2 CH 2 + ), which is a three-membered ring derivative of the monomer employed in the polymerisation by a cationic stepwise mechanism of the imino group. 59 Moreover, it is well known that ethylenimine and its derivatives cause degradation of DNA 60 and in reaction with 2-deoxy-D-ribose produce H 2 O 2 , a strong oxidative compound. 59 It is thus reasonable to propose the protonated EI cation as a dangerous and active compound produced with a relatively strong intensity in the fragmentation of b-alanine dication.
(b) C a -C b bond breaking 
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observe the signal at m/z = 59 amu (see Fig. 1 Fig. 9 ).
The right part of Fig. 9 shows that the evaporation of CH 2 from CH 2 The most intense island observed in the experiment is m/z = 30 amu (NH 2 CH 2 + ) in correlation with m/z = 42 amu (CH 2 CO + )
coming from C a -C b bond breaking. For the first fragment we observe similar many body fragmentation processes as the one described above, i. Fig. 6b , we can see that the three pairs have an experimental slope very close to À1. This is an indication that the molecular dication b-alanine 2+ first loses a neutral OH fragment and then splits into two singly charged cations. Another group of islands involving the most prominent cation NH 2 CH 2 + is observed in correlation with the COOH + fragment.
Interesting molecular structures are observed for the spectra associated with the peaks at m/z = 44, 43, 42 and 41 amu (see Fig. 10 ). These cations present resonant structures with p delocalised electrons or strong NQC, NRC bonds. The associated exit channels appear a few eV below the entrance channel due to the high stability of such species (see Fig. 7 ). However, this trend is not observed for the row at m/z = 30, 29 and 28 amu (see Fig. 6b ). The lack of the peak at m/z = 29 amu in the experiment is caused by the fact that this molecule is a radical and its relative stability is much lower than the corresponding closed shell molecules (m/z = 30, 28 amu) (see Fig. 9 ).
(c) H migration
We now focus on the exit channels produced after the most important isomerisation mechanism observed in the dynamics simulations: formation of the doubly charged geminal diol NH 2 CHCH 2 C(OH) 2
2+
. In particular, we analyse two mechanisms: (i) Coulomb explosion after H transfer (see Fig. 11 ) and (ii) emission of neutral fragments leading to stable dicationic species (see Fig. 12 ). Both mechanisms are in competition with the rest of the processes but occur with lower probability, similar to our previous observations for glycine. ) with the emission of a neutral carbon monoxide molecule. Fig. 11 shows the corresponding pathways in the PES. All of them are below the entrance channel but they can be produced only if one considers atomic rearrangement (even double H transfer) before fragmentation. The corresponding correlation islands present low relative intensity in the experiment and, accordingly, in the AIMD simulations the probability to occur is very small.
Hydrogen migration can be also followed by emission of neutral fragments. Indeed, the stable small dicationic molecules detected in the experiment are produced after emission of neutral species: H 2 O, H, H 2 , CH 2 , CO, CO 2 or CH 2 CO from doubly charged diol. The study of this part of the PES is presented in Fig. 12 
(d) OH migration
In the ion-induced fragmentation of glycine, hydrogen migration was observed in competition with direct Coulomb explosion and . This channel appears at very low energy in the PES (see Fig. 13 ) and is assigned to the correlation (30 + /31 + ) measured with a very strong relative intensity (see Fig. 6c and Table S1 in ESI †). Moreover, from the entropic point of view it is more favourable than other channels. The computed mechanism reveals that the metastable HOCH 2 67 Interestingly, both species have been identified from spectral lines in the interstellar medium 68 and reactions between them can produce glycol aldehyde, acetic acid and methyl formate. 69 On the other hand, the hydroxymethyl cation (m/z = 31 amu) was previously observed only in the single ionisation process after direct side chain bond breaking of serine. 16 The fragmentation mechanism presented here is the only possibility to explain the coincidence island at ( ) (see Fig. 6c .) can not be explained by the direct bond fragmentation of the molecular dication b-alanine 2+ and must involve a rearrangement after Coulomb explosion. This OH migration is about three times slower than ultrafast H transfer and appears at around 120 fs of the simulations (see Fig. 4 ). Moreover, this mechanism can be considered as one of the dominant at longer timescales due to the subsequent fragmentation of the products of mechanism (4). The exit channel after process (9) is energetically more favourable than the exit channel after process (4) . Thus, at longer simulation time, products from (4) can easily evolve to products from (9) (see Fig. 13 ). Indeed the second most intense coincidence island corresponds to the products of mechanism (9) 
Conclusions
We have studied the fragmentation dynamics and different de-excitation pathways characterising the decay of excited doublycharged b-alanine molecules in the gas phase. Experimentally, excited molecular dications were produced in collisions with O
6+
ions and the fragments were identified by coincidence time-offlight mass spectrometry allowing to determine the fragmentation dynamics and highlighting the presence of new ionic species. Theoretically, we have found in ab initio molecular dynamics simulations that three types of processes occur in competition: (i) Coulomb explosion leads to the detection in correlation of two singly charged fragments; (ii) the formation of small stable dications produced by evaporation of neutral fragments following ultrafast intramolecular hydrogen migration (B40 fs); (iii) Coulomb explosion followed by hydroxyl group migration. The third process has not been previously reported and is expected to occur in other biomolecules. The good agreement between our simulation in the electronic ground state with the experimental measurements also sheds light on the charge state and excitation energy of the molecule after ionisation with highly charged ions and allows us to confirm that the excitation energy is quickly distributed over the vibrational degrees of freedom of the molecule.
